The tendency to speed up the building process and reduce its capital costs is bringing to the increased use of semi-finished products in constructions. One frequent characteristic of those elements is the use of non-homogeneous layers of materials, possibly affecting their thermal properties. In addition to this, the gradual increase in the thickness of insulation layers in buildings is also shifting the focus from the heating loads to the cooling loads, especially for hot climates such as southern Europe, raising the necessity to evaluate the transient properties of construction elements, alongside with the most common stationary properties. The aim of this paper is to correctly evaluate both stationary and transient heat conduction properties of strongly non-homogeneous multi-layered constructions and evaluate the impact of the non-homogeneities. The evaluation of those properties are based on the definitions detailed in the EN ISO 13786 directive, for dynamic thermal characteristics, and in the EN ISO 6946 directive, for stationary thermal characteristics. The stationary thermal transmittance is the parameter considered for the stationary analyses; for transient analyses transient thermal transmittance, time shift and attenuation factor are evaluated. The methodology provided inside the respective directives is applied in order to estimate the parameters. Following, a finite elements model is implemented in the COMSOL Multiphysics software and the same properties are calculated through a finite element analysis performed based on the conditions detailed in the physical definitions of those properties in the respective directives. Each parameter assessed based on the respective directives, EN ISO 13786 and EN ISO 6946, is then compared with the results of the finite elements analyses. Based on those comparisons the impact of the non-homogeneities in the construction for the calculation of its thermal properties are evaluated and conclusions on their relevance in the identification of the thermal properties are given, also the ability of describing nonhomogeneous constructions through the directive's methodology is discussed. 
Introduction
In recent evolution of the building sector, a constant increase in the use of semi-finished components is rapidly changing the building process. This change can be traced back to the various advantages this kind of building process can offer compared to traditional processes, from lower costs, higher quality control, shorter construction times cleaner and smaller construction sites to, if used correctly, lower environmental impact [1] . It is common, for semi-finished elements, to present more complex structures compared to traditional buildings. This is due to the optimization of their design and manufacturing procedures. One consequence is the presence inside those components of inhomogeneous material layers, compared to the typical homogeneous layers of traditional structures, resulting in the appearance of thermal bridges, typically complex and multi-dimensional. Due to the complexity of those elements the necessity of correctly evaluating the thermal properties of those elements, where assumptions made for simplified methods are therefore not valid anymore and more complex methods could be needed.
Another phenomena of recent years is the progressive shift of thermal energy demand from the heating season to the cooling season due, between other reasons, to the recent tendency of super insulation of building envelope, greatly reducing heating needs but frequently negatively impacting energy needs during summer. This shift in energy loads requires the design and evaluation of building performances to focus on different performance parameters [2] if during the heating season stationary thermal transmittance of the envelope is enough to identify its performances, during the cooling seasons transient properties becomes more important [3, 4] , requiring the application of more complex models for their calculation. The rising importance of transient properties and summer conditions is also testified by various researches focused on providing tools to evaluate those properties and implement them in the design process of building [5, 6] . Those simplified methods and tools are best suited to describe constructions made by homogeneous layers, due to assumptions on which the models are base, not solving the need of performance evaluation of complex in-homogeneous components. The paper evaluates this need by applying both simplified methods, completely or partially neglecting the in-homogeneity, and complex methods and discussing the results.
Method
For the purpose of this study, a highly inhomogeneous semi-finished construction component was selected, it is important to note that it is a commercially available component, not an hypothesis. Object of the study is a semifinished vertical wall composed by an outside insulation layer mad of expanded polystyrene and an inside layer made of precast concrete for structural purpose. Thickness of the structural layer is constant and equal to 6 cm, while the thickness of the insulation layer can vary and comes in 3 different sizes, defining the three analysed components; Component 1 has an insulation thickness of 6 cm, Component 2 totals a 8 cm insulation and lastly Component 3 insulation layer equals 10 cm. The inhomogeneity of the component is generated by the presence of a triangular steel cage inserted between the two layers for structural and production reasons. The cage interests both the insulation and structural layer for a depth of 3 cm each, has a complex and tri-dimensional shape and is not suited for simplification.
The prefabricated panel is directly positioned on the structure to create the envelope of the building and completed on-site with the application of plaster and finishing, not considered in this study. To perform the thermal analyses, a detailed finite element model is developed and implemented in the COMSOL modelling software; an example can be seen in Figure 1 . Detailed simulations, both stationary and transient, are performed based on those models. Single panels have an height of 3 m and a variable length up to 3m, to avoid unnecessary modelling the case study is reduced to a 0.5x0.5 m portion of the component with one steel cage, appropriate verifications were made to ensure this simplification would not impact the results, resulting in errors lower than 3 %. To enable comparisons between different calculation methods of both stationary and transient properties of each construction here different calculations methods are applied, and subsequently detailed. First the methodology detailed by the relevant ISO directive, identified from now on "Method A"; second, a variation to the directive methodology to partially consider the effect of inhomogeneity is applied and identified as "Method B". Lastly, a detailed finite element analysis based on the definition of the single properties in the corresponding directive, is presented and identified as "Method C".
Stationary properties evaluation
For the evaluation of stationary properties directive EN ISO 6946 is taken as a reference. Stationary thermal transmittance is the only stationary thermal property considered for the comparison. For Method A the procedure defined in the directive is applied directly resulting in the following formula:
The formulation is based on various simplifications hypotheses, the most relevant for this study is the definition of the various layers of the building component as thermally homogeneous and surfaces between layers have to be planar and parallel. Those hypotheses does not apply in case of inhomogeneous components, therefore for Method A the presence of the reinforced steel cage, cause of the inhomogeneity, is neglected.
The directive suggests a solution for inhomogeneous layers, however it still require a mono-dimensional definition of the component, therefore is not suitable for complex constructions such as the ones under analysis. In Method B, to consider the presence of the steel cage but still apply Formula (1), equivalent homogeneous layers are obtained through the application of Formula (2) to obtain an equivalent conductivity of the layer.
(2) Method C is based on the stationary thermal simulation of the finite element model previously shown with imposed boundary conditions imposed as defined by the directive: constant temperature of the two spaces on both sides of the component, inside and outside surface resistances according to the temperatures and adiabatic surfaces on the other four sides of the modelled component. Total heat flux is calculated from the simulation and, knowing temperatures and surface area, equivalent thermal transmittance of the component is obtained.
Transient properties evaluation
As suggested by the reference directive, EN ISO 13786, three different performance indicators are evaluated for transient analyses. Method A directly applies the procedure indicated in the directive, first indicator is the dynamic thermal transmittance represent the ratio of the complex amplitude of the density of the heat flow rate through the surface of the component adjacent to the internal zone to the complex amplitude of the temperature in external zone, as shown in the following equation:
Another frequently used performance indicator is the decrement factor, representing the dampening of the thermal heat wave when passing through the component compared to the stationary transmittance, shown in the following equation:
Lastly, the time lag is calculated by the following equation, being Y a complex number, and represents the time delay between the outside and inside thermal waves.
(5) As detailed in the directive, those parameters are obtained through the solution of various matrixes of complex numbers; a Matlab program was written to correctly solve the mathematical problem. Due to the system only considering homogeneous layers, as for stationary analysis, the presence of steel cage is neglected in Method A.
Similarly, to stationary analysis, Method B still applies the directive procedure but using equivalent homogeneous layers, all the input properties of the layers are therefore calculated based on the materials included in the single layer. A dynamic thermal simulation of the finite element model is used for Method C, setting the boundary and starting conditions in accordance with the directive with a fixed temperature for the internal zone and a sinusoidal function determining the external temperature as a function of time. Results of the simulation, time series of temperatures and heat fluxes, are elaborated to obtain the performance indicators as described above.
Results
Results of the evaluation of the stationary thermal transmittance are reported in Table 1 for the different component. As expected, for all methods applied, increasing the thickness of the insulation layer reduces the thermal transmittance of the component. Differences in results between Method A, neglecting the inhomogeneity, and Method B, using equivalent homogeneous layers, are minimal and lower than 1 %. Differences between Method A and Method C are instead more consistent, ranging from 4.3 % to 7.7 %, worsening the thermal performances of the element. Also, the results prove the strong influence of the thermal bridge inside the component, not simply function of the presence of a different material inside the layers but of its special positioning, changing the problem from mono-dimensional, as hypnotized in the directive, to fully tri-dimensional. Another interesting result is how the difference between Method A/B and Method C lowers by increasing the thickness of the insulation layer, reducing the effect of the thermal bridge as expected, therefore the more the thermal bridge is relevant the more the directive is unable to describe the real thermal performances of the component. Moving on to the transient properties, Table 2 shows the results in term of transient thermal transmittance of the analysed components. Results are similar to what seen for stationary properties. Method A and Method B gives similar results, confirming how the detrimental effect of the thermal bridge is not given by the simple presence of a different material, steel, but more by its geometry and spatial position. Differences between the directive, Method A, and the finite elements model, Method C, are similar as previously seen for stationary thermal transmittance ranging from 4.9 % to 8.4 % and decreasing with the increase in thickness of the insulation layer. For all methods, increasing the thickness of the insulation layer decreases the value of transient thermal transmittance, improving the thermal properties of the component.
Calculations concerning the decrement factor, reported in Table 2 , shows different results, suggesting no major differences in the evaluation of the decrement factor between the three methods A, B and C. This is due to the definition of the decrement factor itself as a ratio between stationary thermal transmittance and transient thermal transmittance. As the two transmittances shows similar differences between the various methods they tend to cancel each other when calculating their ratio, as a result decrement factor evaluation shows similar results for all methods. It is also interesting to note how the decrement factors does not vary significantly with the increase of the insulation thickness, meaning the impact of this increase is nearly equal on both stationary and transient thermal transmittance. Lastly, results for the evaluation of Time Lag are shown in Table 4 . As for stationary and transient transmittance Method A and Method B shows similar results, with differences of the order of 1 %; Method C on the other hand shows higher differences ranging from 13.4 % and 21.1 %. First thing to note is those differences are significantly higher than the ones registered previously, always lower than 8.5 %. Also interesting is how, increasing the insulation layer thickness increases the differences in this case, compared to the previous ones where increasing the thickness tended to reduce the differences between methods. As for the other properties, for all methods, increasing the insulation thickness improves the performances of the component by increasing the time lag between heat waves. 
Conclusions
Semi-finished components and constructions are becoming more and more diffuse in the modern building sector due to various advantages compared to standard technologies. Nonetheless those elements presents various critical issues, one of which is the typical use of inhomogeneous and complex stratigraphies, making the thermal properties difficult to evaluate and going against simplifications used by current directives on the matter. Also, due to current tendency in insulation and climatic changes, cooling loads and summer conditions are becoming always more important, requiring the evaluation of more complex transient thermal properties. To highlight the criticalities Results of the analyses shows how the use methodologies suggested in the directives for the evaluation of both stationary and transient thermal properties result in significant differences compared to the evaluation of the same properties with a finite element model based on their definition. Differences for the analysed case studies vary from 4 % to more than 21 % depending on the thermal property analysed. All the properties shows significant differences with the exception of the decrement factor which does not shows differences between the directive method and the finite element model. Obtained results tend to advice against using the methods suggested in the directive to evaluate thermal properties of components while significant in-homogeneities are present inside the layers, or at least the use of significant safety coefficients. This is due to the fact directive methods are based on the assumption of homogeneous layers of material, therefore the more the in-homogeneities are significant inside the component the more the methods become inaccurate.
Increasing the thickness insulation tends to reduce the differences for stationary thermal transmittance and transient thermal transmittance, while the differences in time lag tends to increase by increasing the thickness. Depending on the parameter how need to me evaluated, the directive methods could be used with an adequate accuracy if insulation thickness is large enough. In conclusion the use of simplified methods for the evaluation of stationary and thermal properties of construction components, while accurate and useful for components with homogeneous layers, should be avoided when analysing in-homogeneous stratighaphies, using detailed finite elements models instead, as differences can be significant as shown in this paper.
